In the present work, the confined explosions of cylindrical homogeneous and layered charges composed of two different types of macroscopic granular multi-component RDX-based composites were investigated. These composites were obtained by the so-called "wet slurry method". For comparison, charges consisting of simple mixtures instead of the composites, TNT and phlegmatized RDX (RDXph) were also studied. The effect of the following parameters: the structure of the macroscopic granular composite, the type of charge (cylindrical pressed material or layered with an RDXph core), oxygen availability (air or argon atmosphere) and the aluminium particle size, on the quasi-static pressure (QSP) measured inside a 150 dm 3 explosion chamber was determined. Solid postdetonation residues from inside the explosion chamber were also collected and analyzed. A combination of all of these results enabled very important conclusions about aluminium combustion and behaviour during the explosion of composite and layered charges, to be drawn.
Introduction
Thermobaric explosives (TBXs) and enhanced blast explosives (EBXs) are new types of highly destructive weapons. They are fuel-enriched heterogeneous explosive formulations with high destructive ability and thermal effects. When detonated in a confined space, as well as in environments which promote a rapid burns during the measurement of overpressure in the chamber (40 ms). In the case of a deficiency of oxygen, AP contributed to the afterburning reactions of aluminium and increased the measured QSP. Post-detonation analysis results revealed that the aluminium powder was almost completely burned after the explosion of the layered charges. However metallic aluminium was still present in the residues after the detonation of charges with Al and AP/Al 25/75 in the external layer in a chamber filled with argon.
In the present paper, cylindrical homogeneous and layered charges composed of two types of granular macroscopic RDX-based composites, obtained by the so called "wet method" [3] , were investigated and compared to composite mixtures and common high explosives. For maximization of the generated explosion heat, 30% of two types of aluminium powder and 10% of AP were used [9] . The effects of the macroscopic granular composite structure, the type of charge (cylindrical pressed charge or layered charge with an RDXph core), the aluminium particle size and oxygen availability, on the QSP measured in a confined space were determined. Solid residues from the charge detonations were collected and analyzed.
Experimental Approach

Preparation of the composite materials
Composite explosive formulations consisting of macroscopic energetic granules were investigated. Large macroscopic particles were prepared by using the so called "wet method" [3] . The wet method is a safe, low cost and non-polluting slurry process for obtaining a new class of energetic composite molding granules. Each granule is a complete multi-component energetic macroscopic composite, homogeneous or with granular core-shell structure, comprising a number of crystals of a high explosive, an oxidizer and a metallic fuel, the whole coated and consolidated with a binder. Two kinds of these macroscopic granules were prepared. Each kind of granule was itself a complete multi-component energetic portion containing cyclo-1,3,5-trimethylene-2,4,6-trinitramine (RDX) as a high explosive powder, AP as an oxidizer, Al powder as a metallic fuel, and Viton (a copolymer of vinylidene fluoride and perfluropropylene) as a binder. Crystalline AP with particle size below 0.8 mm and two types of aluminium powder were used. The first type, Al-1, had particles size below 44 µm (325 mesh) and the second, Al-2, had particle sizes between 44 µm and 149 µm (325 mesh to 100 mesh). The first type of granules had a homogeneous structure and was designated by the letter A in Figure 1 . The second type was denoted designated B in Figure 1 and During the wet slurry process, Viton as a binder was dissolved in ethyl acetate as the solvent. RDX, AP and aluminium particles were added to this lacquer solution and properly mixed. The macroscopic granules started to form on slow dropwise addition of an anti-solvent. Later, a thermally stable carrier fluid (pharmaceutical paraffin) was added to gradually evaporate both the solvent and the anti-solvent. The wet method needs to be conducted under optimal conditions to obtain homogeneity in granule size, uniformity in coating and high yield. To obtain a core-shell configuration, the wet method was used twice. Firstly the core was prepared from its constituents and set aside to dry. Afterwards, the core and RDX were used as initial ingredients in a saturated binder-solvent solution for the second slurry process (wet method). In this way the core-shell structured macroscopic granules were obtained.
In both A and B configurations, the granules obtained were spherically shaped with a diameter ranging from 1.1 to 1.6 mm. The mass percentage of each ingredient in the composite (granule) is listed in Table 1 . Typical photos of the granules are shown in Figures 2 and 3 . Complete consolidation of the particles and high adhesion by the binder produced very few voids or cleaved surfaces in the case of granules 21-A. More internal voids were observed in the 21-B granules probably due to the large diameter of the RDX particles. Analysis of the SEM pictures of the 21-B granules and their cross sections showed that granules with a core-shell morphology had been obtained. The AP-Al-Viton core was surrounded by RDX grains consolidated by Viton. For comparative studies, mixtures of the components were also prepared and designated by C (Table 2) . Each component was phegmatized separately using the wet method. The amount of binder (Viton) for each component was chosen to be proportional to each component percent content so that the final mixture had the same mass composition as formulations A from Table 1 . 
Characteristics of the charges
To investigate the influence of charge type, aluminium particle size and the configuration of the composites (structures A, B or mixture C) on the blast parameters in a confined explosion, two kinds (layered and homogeneous) of cylindrical charges containing the different composites were prepared. All charges had the same mass of 43 g and the same total composition. The heterogeneous charges prepared for this work are defined in Tables 3 and 4 . All of the composites and mixtures containing 50% of RDX in configurations A, B and C, were pressed using a hydraulic press into 25 mm diameter cylindrical pellets. This type of charge is named hereafter as homogeneous charges TBX-x, where symbol x is the name of the composite or the name of the mixture - Table 3 .
A cross section of a homogeneous charge is shown in Figure 4 . The second kind of charge is described in Table 4 and Figure 5 . The cylindrical layered charge consisted of a core and an external layer. The core was constructed from two cylindrical pellets of RDX phlegmatized by 6 wt.% of wax (RDXph). The total mass of the core was 18.3 g, its diameter and density were 16 mm and 1.69 g/cm 3 , respectively. This type of charge is named hereafter as layered charges TBX-x', where symbol x' is the name of the composite or the name of the mixture - Table 4 . The external layer had a mass of 24.7 g of a given composite or mixture. The external cylinder was a paper tube having a thickness of about 2 mm and an internal diameter of 30 mm. The mass of the core and the external layer were selected in such a way that the total mass of the charges and the percent of each constituent were identical to the homogeneous charges. For comparison, tests were also performed with 43 g of pressed TNT (cylindrical trinitrotoluene charges of 25 mm in diameter with a density of about 1.53 g/cm 3 ) and 43 g or 18.3 g (mass of the core) of RDXph (cylindrical charges with density of 1.69 g/cm 3 and a diameter of 25 mm for the larger charges; the smaller RDXph cores were exactly similar to the cores used in the layered charges and are named RDXph core). 
Confined explosion procedure
Quasi-static pressure (QSP) tests for all of the charges were performed in a closed explosion chamber of volume 0.15 m
3
. The dimensions of the explosion chamber are shown in Figure 6 . A charge was hung in the center of the chamber and a standard fuse was used to initiate detonation. A standard electrical detonator was enough to detonate all of the layered charges and the TBX-A charges; however, a booster consisting of 5 g of pressed RDXph was necessary to initiate the detonation of the TBX-B charges and the homogeneous TBX-C charges. A mass of 1.3 g of PETN (pentaerythritol tetranitrate) was assumed as an energetic equivalent of the detonator. Primary tests were carried in an air atmosphere under normal pressure of about 0.1 MPa and at ambient temperature. Then four type of charges were selected for further tests in argon under the same conditions. In this case, in order to expel air from the chamber, the latter was filled with argon up to a pressure of 0.25 MPa and then emptied three times. After filling for the final time to a pressure of 0.1 MPa the chamber was ready for the tests under an argon atmosphere. In both atmospheres, air and argon, at least three tests were performed for each charge investigated. Signals of the overpressure from two piezoelectric gauges (PCB Piezotronics, models 102A and 102B) located at the chamber wall were recorded by a digital storage scope. The surface of the pressure sensors was covered by plastic material in such a way as to protect them from jets and hot explosion products. After each test, the residues were collected for analysis and the chamber was cleaned for the following tests. 
Results and Discussion
Quasi-static pressure results in air
The overpressure history records have an oscillating nature caused by shock reverberations at the chamber wall, shock reverberations inside the chamber, turbulence of the hot explosion products and vibrations of the measuring system. The amplitude of these oscillations decreased with time. Equation 1 was used for the overpressure history approximation (Δp).
where a, b, c and d are constants, t is time. The first term in Equation 1 describes the small decrease observed in the average overpressure history during the recording time (40 µs). The second term indicates the growth in this average overpressure which was caused by combustion of the aluminium particles inside the explosion chamber. Typical overpressure histories recorded for some charges, as well as their approximations, are shown in Figure 7 . Function 1 reaches a maximum value Δp max for a time t max (Equation 2). If t max is outside the investigated time interval Δp max is equal to the constant c corresponding to t = 0 s.
Thermochemical calculations were also performed to estimate the final overpressure in the chamber. The CHEETAH code with modified library was used for this purpose with the set of values of the BKW parameters: α = 0.50, β = 0.40, κ = 10.86 and ϴ = 5441 K [16] . The overpressure Δp cal was calculated for a constant volume state determined for an explosive charge and air enclosed in the chamber. Thermochemical equilibrium was assumed in these calculations. For aluminized charges, an overpressure (Δp inr ) was also calculated with the assumption of aluminum chemical inertness (no reaction between the aluminum particles and gases inside the chamber). The fuse explosive (PETN) was included in the calculations. Values of Δp max (QSP) with standard deviations determined on the basis of at least six overpressure histories recorded in the chamber filled with air and Δp cal obtained from thermochemical calculations are summarized in Table 5 for all of the charges tested. An analysis of the data in Table 5 shows that all values of Δp max are lower than the calculated Δp cal for all charges. In fact, theoretical calculations were run under the assumption of thermochemical equilibrium of the reactive mixture, but this assumption does not describe exactly the phenomena inside the explosion chamber, since mixing of component as well as their thermal equilibrium are not perfect, especially during the first 50 ms. The QSP values of aluminized charges were lower than the theoretical ones if it is assumed that all aluminium reacts, but significantly higher than those calculated under the assumption of thermochemical equilibrium and non-reactivity of aluminium particles. Moreover, all maximum overpressures measured for the aluminized charges are superior to those of TNT or RDXph. This indicates that aluminium from the compositions reacts with the detonation products and/or air in the explosion chamber resulting in additional heat which increases the temperature and pressure of the gaseous mixture. The overpressures obtained for the charges with cylindrical fuel-rich layer at least doubled the value of QSP determined for the RDXph core only.
The aluminium powder size, type of charge and composite structures (A, B or mixtures C) all affect the ratio of the measured maximum overpressure and the calculated average pressure Δp max /Δp cal . In fact, homogeneous charges with small aluminium particle size have a higher ratio than homogeneous charges with larger aluminium particles and the inverse tendency is observed in the case of layered charges. This means that the kinetics, and probably the mechanism, of the aluminium reaction is different in the case of a confined homogeneous charge explosion and a confined layered charge explosion due to the fact that the processes of detonation of homogeneous charges and layered charges in the explosion chamber run in different ways. Better conditions (a specific area, an increase in the temperature inside the particles) occur for the combustion of fine aluminium in the case of homogeneous charge detonation than for coarse aluminium. However, the conditions are more favorable for the combustion of larger aluminium particles when a layered charge is detonated in the chamber and they move quickly into air. When it comes to comparison between homogeneous and layered charges, obviously the homogeneous charges are better than the layered ones for small aluminium particles but worse for larger aluminium particles. These conclusions are valid for the A composites and also the C mixtures. Concerning the composite granular structure effect, it was observed that the overpressure ratio is superior for charges containing the A composite compared to the B composite and to the C mixture for both homogeneous and layered charges. This order is also preserved in the case of smaller aluminium particles (except for composition TBX-22-C) or larger particles. More intimate contact and homogeneous distribution of the ingredients is provided by the macroscopic Copyright © 2016 Institute of Industrial Organic Chemistry, Poland configuration A compared to B and to the mixture C. Contrary to our expectations, the outer RDX-Viton shell surrounding the Al-AP core in the macro fragments B did not have an enhancing effect on aluminium combustion; probably not enough heat was being transferred to the core for aluminium initiation because of the distance between RDX in the shell and Al in the core, or the quantity of AP is not enough to provide the oxygen. The first explanation could be more likely.
Quasi-static pressure results in argon
To investigate the detonation and explosion of aluminized charges in the absence of oxygen (air), further tests were carried out in the chamber filled with argon. These tests allowed us to determinate the contribution of the anaerobic reactions of aluminium particles in the overpressure history inside the explosion chamber by comparing them with tests in air. The only chemical afterburning reactions are between aluminium and the hot gaseous detonation products. The compositions TBX-A were selected for these trials. In fact, the composite granules A showed the best properties during preliminary research [3] (SEM observations, TG/DTA analysis, friction and impact sensitivity tests) and the best ratios of Δp max /Δp cal were determined for the chamber filled with air for both homogeneous and layered charges.
Equation 1 was used to determine the maximum overpressure inside the chamber. Theoretical calculations were performed with the assumption of reaction of aluminium with the hot detonation gases, and for inert aluminium. The average QSP or Δp max values for all TBX-A charges, and TNT and RDXph charges, measured in argon are summarized in Table 6 . The QSP for TNT charges was obtained from 12 recordings of overpressure histories (6 shots). The parameter of Δp O-Ar is the difference in values of the maximum overpressure determined experimentally in air and argon. Concerning aluminized charges in argon, the values of the maximum average overpressure are smaller than those in air because of the absence of oxygen. This means that aerobic reactions of aluminium take place in the chamber filled with air and they lead to the release of additional heat and increase of the overpressure. However, the QSP values in the chamber filled with argon are higher than Δp inr , which means that aluminium also takes part in anaerobic afterburning reactions with the hot detonation products.
It is clear that in the absence of oxygen from air, the homogeneous charges have higher values of QSP than the layered ones. This simply shows that pressed cylindrical charges (homogeneous) promote the anaerobic reactions of aluminium particles with the detonation products, probably because the mixing of aluminium and the detonation products is better than for the layered charges. Moreover, Δp O-Ar for the homogeneous charges are lower than Δp O-Ar for the layered charges, especially for TBX-21-A. This indicates that unlike the layered charges, a large part of the aluminium in the homogeneous charges can react aerobically. It demonstrates that the homogeneous charges can be considered as enhanced blast explosives (EBXs). Surprisingly, the QSP recorded for TBX-21-A is superior to that recorded for TBX-11-A, and consequently, coarse aluminium is more able to react with the detonation products in the absence of oxygen. However, the difference between these values is much smaller than the standard deviation, and, in fact, this relation may be reversed.
In the layered charges, Δp O-Ar is high, which means that unlike the homogeneous charges, the explosion of the layered charges promotes aerobic afterburning reactions of aluminium even in closed spaces, since they are thermobaric.
The value of Δp cal determined experimentally for TNT charges under argon is similar to that of RDXph. Moreover, it is unexpectedly higher than the theoretical one. The following explanation is proposed. The TNT detonation process produces high pressure and temperature of products composed of species including C, CO, H 2 , a variety of hydrocarbons (TNT has an oxygen balance of −74%) and also CO 2 and H 2 O. Depending on the conditions, these detonation products have the potential to reaction further. When all the required conditions for reaction with oxygen exist (enough oxygen, good mixing between the detonation products and oxygen from air and a temperature higher than the ignition temperature of the reactions), CO and H 2 (and other species) react with oxygen to form CO 2 and H 2 O. During this afterburning process important additional heat is liberated, and this heat can be used to increase the pressure inside the chamber. In the absence of oxygen, and at high temperature and relatively low pressure, the creation of H 2 and CO species is promoted during the endothermic reactions [17] [18] [19] [20] [21] , heat is absorbed and, consequently, the pressure inside the chamber is decreased.
As was explained earlier, an ideal equilibrium of the species present after explosion in the chamber is assumed in the thermochemical code CHEETAH. In the absence of oxygen and under conditions of high temperature and low pressure, secondary reactions leading to CO and H 2 formation, and CO 2 and H 2 O elimination, are promoted; consequently the heat generated by the TNT explosion in the chamber is lower than its heat of detonation. However, in reality, argon acts as a diluent (mixing, turbulence, diffusion) for the detonation products and as a barrier between the chemical species present in the chamber. In this case, no extra-reactions occur after the shock reverberation from the wall. Consequently, the processes of CO 2 and H 2 O elimination and CO and H 2 creation stop. This leads to smaller heat decreases and higher explosion energy than in the ideal case. Therefore, the measured overpressure inside the chamber is higher than the calculated one.
Analysis of the post-explosion solid products
Solid products from the explosions of the TBX-A charges in air and in argon atmospheres were collected, washed with distilled water, filtered, and dried for 24 h at 100 °C. SEM, DTA/TG and XRD analyses were made to determinate their morphology, and their chemical and phase compositions. From visual observations, it appeared clearly that the colour and consistency of the residues from the chamber filled with air were different from when argon was used. In the case of detonations in argon, the residues were in the form of very fine black powders, probably because of the presence of carbon soot. When air was in the chamber, the residue particles were larger and white metallic colour was visible.
SEM analysis
Scanning electron microscopy (SEM) (Quanta 3D FEG Dual Beam, operating at 20 kV) was used for microstructural observation of the residues. For a specific filler gas (air or argon), the SEM images of the analyzed residues were similar, irrespective of the type of charge or the aluminium particle size. Only the atmosphere inside the chamber affected the SEM images of the collected residues. Typical SEM images of the residues are shown in Figures 8 and 9 .
For a better interpretation of the SEM images, it should be noted that the final theoretical explosion temperature in the chamber filled with air was 2882 K if the aluminium was assumed to be reactive in the calculations, and 1522 K for inert aluminium. Therefore, the aluminium oxide formed after the aluminium reaction could reach a liquid state (melting point of aluminium oxide is about 2345 K).
However, the heat liberated during the explosion in air was undoubtedly enough to increase the temperature above the melting point of aluminium (933.47 K). In the case of argon in the chamber, the final theoretical explosion temperature was 2278 K for reactive aluminium and 947 K for inert aluminium.
Two types of spherical particles were observed in all samples collected from charges detonated in air (Figure 8a ). Spherical solidified droplets having a diameter of tens of micrometers were the first type. Their number was small and were characterized by a metallic colour in the SEM images. These are probably non-oxidized aluminium droplets. The second type of particles predominated, these were regular shaped spheres with a diameter lower than 1 mm and had a white colour in the SEM images. These submicron particles were composed of aluminium oxide, formed by oxidation of aluminium in tiny liquid droplets, which had become nearly spherical due to surface tension. This means that aluminium must be in the form of submicron liquid droplets to react and create aluminium oxide during the explosion. Part of the aluminium in the form of melt droplets which was not oxidized, gathered and condensed to create the first type of metallic microparticles, and the other part formed a matrix which welded the aluminium oxide particles together to form large agglomerates of granules after condensation (Figure 8b ). Samples collected from charges detonated in argon contained mostly irregularly shaped particles of a few microns in diameter, probably mixtures of partially oxidized aluminium (oxygen from AP and detonation products) and carbon soot (Figure 9a ). Unlike the samples collected from explosions in air, these particles were rarely agglomerated in the form of macroscopic granules (no welding) (Figure 9b ). This indicates that just a small amount of aluminium was in the liquid state during the explosion. As in the case of detonations in air, shock waves shattered the initial macroscopic composite granules, but unlike detonations in air, only a small part of the aluminium was melted by the heat released by the detonation. A very small amount of aluminium reacted with the detonation products and oxygen from AP, but after mixing with argon, the combustion of the aluminium was stopped. Another important observation was that for both sizes of aluminium particles used in the charges (Al-1 and Al-2), the SEM pictures of the solid residues were very similar with the same size of aluminum spheres (solidified droplets). This means that aluminium of any particle size is shattered to microparticles by the shock waves. Actually, the particle size is not important but the ratio of pure aluminium to the passivating alumina layer on the surface of the particles is important. Figure 9 . Typical SEM images of the residue of TBX-11-A detonated in argon.
TG/DTA analysis
TG/DTA measurements were performed using a Labsys TG/DTA-DSC apparatus. Samples were placed in open alumina crucibles with Al 2 O 3 in the reference pan. All thermograms were recorded at 10 K/min heating rate in a synthetic air atmosphere (N 2 /O 2 79/21 by volume). The gas flow rate was 50 cm 3 /min. Thermograms of the residues of charges detonated in air are presented in Figure 10 . The behaviour of the samples can be divided into three phenomenological stages. In the first stage, corresponding to temperatures from 30 °C to 150 °C, the sample mass diminished between 0.3% and 2% (the highest was observed for TBX-12-A). According to the DTA curves, this is an endothermic process caused by the evaporation of water and absorbed gases.
The second stage started from about 200 °C. Except for the sample from the TBX-12-A explosion, the thermograms showed slow mass loses and wide exothermic peaks, corresponding to the oxidation of carbonaceous detonation products. However the slow mass reduction indicated that the residues contained mainly heat-and oxygen-resistant ingredients, probably Al 2 O 3 . At approximately 655 °C, small endothermic peaks (melting points of aluminium) indicated that part of the aluminium remained in the explosion products. The last stage started at about 850-865 °C. An increase in the sample mass was recorded as well as an exothermic peak, which indicated the oxidation of aluminium. Melting of aluminium starts at 655 °C, however, its oxidation does not commence until 850 °C, probably because it is covered by a thick layer of aluminium oxide. Therefore, metallic aluminium remained inside the small submicron spheres which are observed in the SEM images. After detonation in an argon atmosphere, the residues contained more metallic aluminium and carboneous material; in fact, the mass reduction was about 3% to 9% during heating below 600 °C (Figure 11) . A sharp endothermic peak in the DTA curves indicated that the unburned aluminium started to melt at about 655 °C. However, unlike the samples from detonation in air, aluminium started to oxidize directly after melting and an increase in the mass on the TG curves was observed. The aluminium oxidation was recorded at the same temperature or sometimes lower than the melting point of aluminium, probably because the particles were not covered by a thick alumina layer. Figure 11 . TG/DTA thermograms of residues collected from charges detonated in argon.
XRD analysis
The composition and crystal structure of the solid residues were characterized using X-ray diffraction (XRD) (diffractometer Rigaku Ultima IV with Co Kα 1 radiation of 1.79 Å). The scan range angle was from 2Θ = 20 − 140° in increments of 0.02°. For the analysis of the spectra obtained, the ICDD database PDF4 of standard diffraction patterns was used. Chemical species and phases identified in the solid residues from charges detonated in air are shown in Table 7 . The alumina found in all residues had rhombohedral crystal structure and a cubic structure in one case (04-015-6810). Iron and iron oxide were also present because the explosion chamber was made of steel. Crystallites of aluminium were found only in the detonation of charge TBX-21-A, probably because in the other samples the aluminium was covered by a thick layer of aluminium oxide which the X-ray beam cannot penetrate (the presence of aluminium in the residues from detonations in air was proved by the thermal analysis).
The results of the XRD analyses for the residues from detonations in argon are presented in Table 8 . Aluminium was present in all samples. As was explained before, the reaction of this is stopped by the argon atmosphere during the explosion. Aluminium nitride was also found. Rhombohedral corundum aluminium oxide was the main phase matched in the residues from the chamber filled with argon. Table 8 . 
Conclusions
Analysis of the results obtained in this work enabled us to draw the following conclusions: 1. Quasistatic pressures measured in the chamber filled with air for aluminized charges are lower than the theoretical averaged pressures calculated for chemically active aluminium but significantly higher than those calculated under the assumption of inert aluminium. 2. Type of charge and composite structures affect the values of the quasistatic pressures inside the confined explosion chamber and the effect of aluminum powder size is ambiguous.
3. Homogeneous charges with fine aluminium have higher values of the pressure ratio than homogeneous charges with coarse aluminium and an inverse tendency is observed in the case of layered charges. This means that homogeneous charges are better than layered ones for small aluminium particles but worse for larger aluminium particles. 4. In the layered charges, the cylindrical fuel-rich layer at least doubles the value of the overpressure in comparison with the RDXph core. 5. Aerobic reactions of aluminium occur in the chamber filled with air and lead to liberation of the main part of the additional heat. 6. The explosion of layered charges in an argon atmosphere promotes aerobic afterburning reactions of aluminium. 7. From TG/DTA and XRD analyses of the chamber residues it follows that aluminium is not completely burned after the explosion of the composite and layered charges, either in air or argon.
